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The recycle stream is important to increase and optimize the conversion of the feed 
and also the selectivity of the desired product. Even though recycle brings a lot of 
advantages, in the process dynamics and control point of view, it causes a lot of 
problem to the whole dynamics of the process. In this project, three control strategies 
are used to control the recycle stream in two CSTR connected in series. The control 
strategies are recycle compensator, Ziegler-Nichols tuning method and Skogestad 
tuning method. The performances of these control strategies and their combinations 
are compared based on certain aspects such as response time and offset value to find 
the best control strategy or combination of control strategies.  To gain a more precise 
way to compare the performance of the control strategies, each one of them are 
analysed by using the integral error analysis which are the Integral of the absolute 
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1.1 Background of Study 
In a process plant, the main objective is to convert the feed or reactant into a desired 
product. However, in the real-life situation, typically the reactor used in a process 
plant does not completely convert all of the reactant into the product. The unreacted 
feed is then purged out of the reactor along with the product. Not only this is 
economically unviable as the reactant is wasted, but this also causes difficulties later 
on in the process as the unreacted feed is required to be separated from the final 
product and treated before it is purged as a waste.  
In order to prevent problems in the latter stages and to increase the economic 
efficiency, a recycle stream is introduced to the reactor system to recycle the 
unreacted feed. A recycle loop coupled with a reactor will generally contain a 
separation process in which unused reactants are separated from products. These 
reactants are then fed back into the reactor along with the fresh feed. 
Reactions with recycle are very useful for a number of reasons, most notably because 
they can be used to improve the selectivity of multiple reactions occurring in the 
reactor, push a reaction beyond its equilibrium conversion, or speed up a catalytic 
reaction by removing the products. However, in a process control and dynamics 
point of view reaction with recycle could cause lots of problems.  
Through the years, many controllers have been found to control a certain dynamics 
problems. In the recycle system, the most commonly used control strategy is by 
using recycle compensator. It is said that the recycle compensator can help to reduce 
the negative impact of the recycle stream to the dynamics of the plant. With the 
existence of the found controllers, comparisons and combinations of the controllers 







1.2 Problem Statement 
Recycle process is important to increase the conversion of the feed. It is also required 
due to some environmental and economic constraints. However, although recycling 
has so many advantages, it also has negative impact on the whole process. Recycle 
streams causes various problems and dynamic phenomena such as the snowball 
effect and extremely slow response. Various studies have been conducted to generate 
a controller strategy to solve the problem with the recycle process. Control strategies 
to stabilize the problems caused by the recycle process are important to ensure the 
recycle stream can be used in the plant without causing problem to the whole 
dynamics. This way, the advantages of the recycle system can be fully utilized 
without worrying about the drawbacks that can be caused in the control and 
dynamics point of view. Studies have been conducted to control these kind of 
problems. The commonly used control strategy that used to counter the recycle 
dynamics problem is by using the recycle compensator. However, in this research 
comparison of this method to other controller and possibly a combination could be 
done to further improve the control of recycle process.  
 
1.3 Objectives and Scope of Study 
The objectives of this study are: 
1.3.1 To compare the performance of various controller strategies based on for 
processes with recycle stream in a 2 CSTR system with recycle. 
1.3.2  To analyse the performance of the controller strategies using on Integral of 
the absolute value of the error, Integral of the squared error, Integral of time-
weighed absolute error.  
The scope of this study is to compare the performance of various controller strategies 
to stabilize the problems caused by recycle stream. The controller strategies that will 
be studied are the recycle compensator, Ziegler-Nichols tuning method and 
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Skogestad tuning method. To compare the performance, some integral error analysis 
is used. This will be assisted by using simulation on the MATLAB software. To gain 
understanding on the controller strategies used by previous studies for processes with 






In this section, the effect of the recycle system to the dynamics of the whole process 
is explained in details. Several control strategies have been found through the 
literature research. The theory and derivation method of the reviewed control 
strategies are studied and explained. After the controller strategies have been 
reviewed, a case study is reviewed to pose as the process model for the testing of the 
controllers. 
2.1 Recycle Process 
The recycle stream is usually introduced to the output of a reactor to send back the 
unreacted feed back to the fresh feed stream.  
Figure 2.1 shows an example of a block diagram of a plant with recycle. In the figure, 
„G‟ represents the direct of forward path transfer function that describes the 
relationship between the output and the input. „Gr‟ represents the recycle path 
transfer function and „Gd‟ represents the disturbance transfer function. Disturbance is 
a variable in the process plant that can affect the process but the variable itself is not 
affected by the process and cannot be controlled. 
 
Figure 2.1 An example of a block diagram of a plant with recycle 
Denoting the output as „Y‟ and the input as „U‟, the transfer function of the plant, 
according to the general expression of feedback control systems is as follows: 
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 , assuming the stable first order transfer function. 
Substituting G and Gr into equation (2.1): 
    
    
 
   
           
                             
      
The presence of the deadtime term in in the denominator makes it difficult to design 
the controller. Most analytical control design algorithms cannot be applied to 
systems that do not have a rational denominator. For the case if the time delays t1 and 
t2 are zero, it is observed that when K1K2 is more than 1, the system becomes open-
loop unstable (Lakshminarayanan & Takada, 2001). 
2.2 Negative Impact of the Recycle Stream 
The recycle process is found to cause lots of negative impacts on the whole system. 
Some of the identified impacts are as follows: 
2.2.1 Increasing the response time, thus resulting in extremely slow response 
(Taiwo & Krebs, 1994) (Lakshminarayanan & Takada, 2001) 
2.2.2 A small change in the disturbance variable causes a large change in the 
manipulated variable, also known as the “snowball effect” (Tremblay et al., 
2006) (Lakshminarayanan & Takada, 2001)  
2.2.3 Higher process steady state sensitivity (Taiwo & Krebs, 1994) 
2.2.4 Limit cycles (Madhukar et al., 2005) (Lakshminarayanan & Takada, 2001)  




2.3 Controller Strategies for Processes with Recycle Stream 
In order to solve the problem caused by the recycle stream, some controller strategies 
can be applied to the process. In this study, three strategies are studied which are the 
recycle compensator, Skogestad‟s tuning method and the direct synthesis method. 
2.3.1 Recycle Compensator 
According to Mészáros & Čirka (2009), a recycle compensator is a part of the 
regulator used to minimize or eliminate the effects of the recycle by suppressing the 
negative feedbacks. The compensator is introduced to eliminate recycle loop time 
constant. Figure 2.2 shows a block diagram of a system of a plant with recycle 
including a recycle compensator GRC. The variables y, u, d are controlled, 
manipulated, disturbance controller outputs respectively. Gr* is the transfer function 
of the recycle process. 
 
Figure 2.2 Block diagram of a system consisting of a plant with recycle and a recycle 
compensator 
The open-loop plant output is given by 
     
 
       
     
  
       
          
The compensator that totally cancels the negative effect of the recycle is known as 
the perfect recycle compensator (Taiwo & Krebs, 1994). Such compensator revert 
the transfer function into its dynamically favourable state, which is the original 
transfer function without recycle, that is 




To specify the recycle compensator, block diagram algebra is applied to the inner 
loop G in Figure 2.2 to give 
     
 
          
     
  
          
          
 
By choosing GRC to be     
    
 
 the expression                  is 
obtained. Therefore the design expression for the recycle compensator is given by 
    
    
 
       
The recycle compensator is to handle internally generated disturbances to the process 
(Lakshminarayanan & Takada, 2001). 
 
2.3.2 Skogestad Tuning Method 
Skogestad‟s method is model-based, assuming that the mathematical model of the 
process which is the transfer function model is available. The controller parameters 
are expressed as functions of the process model parameters (Haugen, 2010).  
 
Figure 2.3 Block diagram of the control system in PID tuning with Skogestad’s method 
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Figure 2.3 shows a block diagram of the control system in PID tuning with 
Skogestad‟s method. The transfer function Hpsf (s) is a combined transfer function of 
the process, the sensor, and the measurement lowpass filter. It represents all the 
dynamics that affect the controller. For simplicity, this transfer function denoted as 
the “process transfer function”. 
The design principle of Skogestad‟s method includes the control system tracking 
transfer function T(s), which is the transfer function from the set point to the  process 
measurement, is specified as a first order transfer function with time delay: 
     
      
       
 
 
     
           
Where TC is the specified time constant of the control system and τ is the process 
time delay given by the process model. From the block diagram in Figure 2.3, the 
tracking transfer function is derived as: 
     
            
              
       
Equating the equations (2.7) and (2.8): 
            
              
 
 
     
           
In this equation, it is found that the only unknown is the controller transfer function 
Hc(s). By making some proper simplifying approximations to the time delay term, 
the controller becomes PID controller or a PI controller for the process transfer 
function assumed (Haugen, 2010).  
 
2.3.3 Direct Synthesis Method 
In this method, the controller design is based on a process model and a desired 
closed-loop transfer function. The Direct Synthesis (DS) approach provides valuable 
insights into the relationship between the process model and the resulting controller 
(Seborg et al., 2004). Figure 2.4 shows a block diagram for standard feedback 




Figure 2.4 Block diagram for a standard feedback control system 
The close-loop transfer function for set-point changes is derived as: 
 
   
 
        
          
        
To make it simple, let          and assume that       
 
   
 
   
     
        
Expressing equation (2.11) in terms of GC: 
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   is desirable so that the controlled variable tracks set-point 
changes instantaneously without any error. This is also known as perfect control and 
cannot be achieved by feedback control. For processes without time delays, the first 










     
        
Where    is the desired closed-loop time constant. By substituting this into the 
previous equation 




   
        
The term 
 
   
 provides integral control action and eliminates offsets (Seborg et al., 
2004). If the process transfer function contains a time delay θ, the desired closed-up 
transfer function is 
(
 




    
     
        
Combining equations (2.14) and (2.15): 
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By using Taylor series expansion         : 
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From equation (2.17), it is found to have integral control action. For first order plus 
time delay model, equation (2.18) is substituted into equation (2.17) 
 ̃  
     
     
        
The substitution gives the following first order plus time delay model (2.19): 
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2.4 Case study 
In order to compare the control strategies reviewed before, one case study is needed 
to ensure the comparison is feasible and legitimate. In this study, the case study 
chosen is two CSTR systems with recycle. Figure 2.5 shows the schematics of 2 
CSTR systems with recycle. The two reactors are connected in series with the outlet 
of the second reactor recycled into the inlet of the first reactor. The two reactors are 
assumed to be well mixed by which first order irreversible reactions not 
accompanied by any heat effects occur.  
 
Figure 2.5 Schematic of 2 CSTR systems with recycle 
The levels and flow rates are assumed to be constant, only the effect of the 
composition is taken into consideration. The control objective of this system is to 
maintain the reactor outlet compositions y1 and y2 at specified levels by manipulating 
the two feed compositions, u1 and u2. The main disturbance is the composition d of 
the stream entering the first reactor. The description of the variables and the values of 




Table 2.1 Variables and parameters for the 2 CSTR with recycle system 
Parameter  Symbol Value 
Feed flow rate into reactor 1 F1 1 m
3
/min 
Feed flow rate into reactor 2 F2 0.5 m
3
/min 
Recycle flow rate R 10 m
3
/min 
Disturbance flow rate Fd 0.5 m
3
/min 
Product removal rate form Reactor 1 Fp1 1 m
3
/min 
Product removal rate from Reactor 2 Fp2 1 m
3
/min 
Composition of stream F1 u1 2 kmol/min 
Composition of stream F2 u2 3 kmol/min 
Composition of disturbance stream  d 1 kmol/min 
Reactor 1 outlet composition y1 1 kmol/min 
Reactor 2 outlet composition y2 1 kmol/min 




 1 kmol/min 
Volume of Reactor 1 V1 1 m
3
 
Volume of Reactor 2 V2 10 m
3
 
Measurement delay in composition sensors θm 1 min 
Recycle delay (outlet of Reactor 2 to inlet of 
Reactor 1) 
θr 2 min 
Kinetic rate constant (Reactor 1) k1 1 min
-1
 




Main hypotheses of the process are (Scali & Ferrari, 1999): 
 The two reactors are perfectly stirred and a first order irreversible reaction, 
with kinetic constant k1 and k2. 
 Levels, temperatures and flow rates are constant. 
 The control objective is to maintain constant output of the two compositions 
y1 and y2, by manipulating the feed compositions u1 and u2. 




 Assuming perfect measurement of composition, with time delay of θm. 
Line (1) is without recycle and line (2) is with recycle (Scali & Ferrari, 1999). It is 
found that the recycle stream greatly affects the dynamics of the plant. Therefore, 
this case study is suitable to be used in this study to compare the controller strategies 
that has been reviewed.  
 
Figure 2.6 Open loop response of the two output concentrations (1) without 






















Problem identification based on current issue with the significance of 
the project 
Literature Review 
Study and review research papers, journals and books related to the 
project proposed 
Experiment Design 
Planning the procedure, set up and the instruments used in the 
experiment  
Data Analysis and Interpretation 
Evaluation of the result base on conceptual understanding and 
practicality 
Report Writing 




3.2 Project Activities 
The study will be conducted using the MATLAB simulation. Various controller 
strategies will be selected from the literature review and their performance will be 
tested using simulation of 2 CSTR systems with recycle.  
Firstly, the transfer function of the system is derived based on the case study found in 
literature review. After the transfer function is derived, the block diagram is 
generated and the system is tested to find out the significance of the effect of the 
recycle stream to the dynamics of the system. If the recycle stream shows a 
significant effect, the system will be used. If otherwise, other system will be searched 
through literature.  
After the case study block diagram and transfer function is derived, the system will 
be added with the derived control strategies to eliminate the effect of recycle stream 
on the system. The best control strategies will be selected based on their performance 
in the simulation.  
In order to compare the three control strategies in a more precise manner, they are 
compared by using tuning relations based on integral error criteria. Three integral 
control criteria will be used in this project are (Seborg et al., 2004): 
3.2.1 Integral of the absolute value of the error (IAE) 




3.2.2 Integral of the squared error (ISE) 




3.2.3 Integral of time-weighed absolute error (ITAE) 




These integral control criteria will be used to compare the performance of the recycle 
compensator, Ziegler-Nichols tuning method and Skogestad tuning method. The 






In this project, most of the works that will be done involves simulating the transfer 
functions. To assist the simulation, the software that will be used is the MATLAB 
Version 7.9.0.529 (R2009b).  
 
Figure 3.1 the MATLAB software
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3.4 Gantt Chart 
Table 3.1 Gantt chart of Final Year Project (FYP) 
  FYP 1 FYP 2 
























8 9 10 11 12 13 14 
1 Selection of 
project topic 
                            
2 Preliminary 
research work 
                            




                            
4 Preparation for 
proposal 
defence 
                            
5 Proposal 
Defence  
                            
6 Selection of 
case study 
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7 Review on 
integral 
control criteria 




                            
8 Preparation of 
Interim Report 
                            
9 Submission of 
Interim Draft 
Report 
                            
10 Submission of 
Interim Report 
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13 Submission of 
Progress report  
                              




                              
15 SIMC testing                                





                              
17 Report-writing                               
18 Submission of 
dissertation  




RESULT AND DISCUSSION 
4 RESULTS AND DISCUSSION 
4.1 Derivation of Transfer Functions and Block Diagram 
From Figure 2.5, the mass balance of the two reactors is expressed as: 
                                  
   
  
       
     (           )                      
   
  
       
The two concentrations in time can be expressed in the following equations: 
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The values of the variables and parameters in Table 2.1 are substituted in equations 
(4.3) and (4.4) to give the following equations: 
   
  
                           
   
  
                           
Laplace transform is applied on equation (4.5) and further simplified to give: 
                                       
                                    
      
 
        
      
   
        
     
  
        
      
      
    
         
      
    
         
     
   
         






Equation (4.6) is applied with Laplace transform and simplified to give: 
                                    
                                 
      
    
       
      
    
       
      
      
      
           
      
     
           
            
With added time delays, the transfer equations (4.7) and (4.8) become: 
      
    
         
         
    
         
       
 
   
         
                
      
      
           
         
     
           
             
By inserting equation (4.9) into (4.10), the transfer function of the whole system is: 
      
    
                         
     
 
               
                         
     
 
     
                         
            
 
The block diagram of these transfer equations are expressed in the block diagram 
shown in figure 4.1. Equation 4.11 shows the transfer function of the process. Here, 





Figure 4.1 Block diagram of 2 CSTR with recycle stream 
 
 
4.2 Step Test on the Recycle System 
In order to test the significance of the recycle stream on the whole dynamics of the 
plant, a step test is conducted. The cases of the tests are shown in Table 4.1. To test 
the dynamics of the recycling system, the inputs U1, U2 and disturbance D are 
manipulated as follows: 
Table 4.1 Cases for step test 
Case 
Step values Observed 
output U1 U2 D 
1 1 0 0 Y1 
2 1 0 0 Y2 
3 0 1 0 Y1 
4 0 1 0 Y2 
5 0 0 1 Y1 




The graph resulting from the listed cases in Table 4.1 is shown in Figures 4.2, 4.3, 
4.4, 4.5, 4.6 and 4.7. 
 
Figure 4.2 Case 1 
 




Figure 4.4 Case 3 
 




Figure 4.6 Case 5 
 
Figure 4.7 Case 6 
The system is also tested without the recycle stream to compare and identify the 
effect of the recycle stream on the whole dynamics of the plant. Figure 4.8 and 
Figure 4.9 show the disturbance step change response for system with and without 




Figure 4.8 Response in disturbance step change for output Y1 for process with and 
without recycle 
 
Figure 4.9 Response in disturbance step change for output Y2 for process with and 
without recycle 
From Figures 4.8 and 4.9, it is found that the recycle stream affects the dynamics 
greatly in terms of offset and response time. From figure 4.9, it is observed that 
process with recycle shows a longer response time at about 40 minutes compared to 
without recycle at about 4 minutes. This shows that the recycle stream affect the 
dynamics of the whole process greatly and some control strategies are needed to 
counter this effect. 
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4.3 The Recycle Compensator  
The first control strategy that will be used to overcome the problems caused by the 
recycle system is by using the recycle compensator. The recycle compensator uses a 
mathematical term that could simplify the transfer function of the recycle system as 
if the recycle stream does not exist. This will eventually cancel out the effects of the 
recycle stream on the dynamics of the whole plant.   
4.3.1 Derivation and Block Diagram 
In order to derive the transfer function, the block diagram of the system with recycle 
compensator is drawn. The transfer function is then derived based on the diagram. 








Figure 4.10 Block diagram of process with recycle and recycle compensator 
In order to ease the derivation, the block diagram is further simplified into Figure 
4.11, where    
  









Figure 4.11 Simplified block diagram of process with recycle and recycle compensator 
From Figure 4.11, the derived closed-loop transfer function is as follows: 
      
    
         
      
    
         
     
          
         
             
Where    
  
      
 
By substituting the value of GR into equation (4.12) to give the following equation 
(4.13): 
      
    
              
      
    
              
    
 
          
 
              
             
By choosing     
  
  
, the denominator of the closed-loop transfer function can be 
cancelled out to 1, converting equation (4.12) into the general form without the effect 
of the recycle stream, as shown below: 




               
           ( 
  
  
*    
By substituting the values of Gr and G1 from equation (4.9), the recycle compensator 
is obtained as: 
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4.3.2 Step Test 
In order to test the performance of the compensator, a series of step tests are 
conducted and the response of the system with recycle compensator is compared 
with system without recycle compensator, system with feedback controller and 
system with feedback controller and recycle compensator. 
Figures 4.12 and 4.13 shows the graph of disturbance step change response for 
outputs y1 and y2 comparing for system with and without recycle compensator. 
 
Figure 4.12 Disturbance step change for system with recycle compensator and without 
recycles compensator for output y1 
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Figure 4.13  Disturbance step change for system with recycle compensator and without 
recycle compensator for output y2 
From Figures 4.12 and 4.13, it is found that the recycle compensator completely 
cancels out the effect of the recycle stream. It is also observed that the graph for 
system with recycle compensator is very similar to the system without recycle as 




4.4 Ziegler-Nichols Tuning Method 
To further investigate the effect of the recycle compensator on the dynamics of the 
system, a comparison is done in case where a feedback controller is included in the 
system. This is to study the effect of the recycle compensator on the dynamics of a 
recycle system with feedback control systems. The values of Kc and τI are obtained 
from a paper by Lakshminarayanan & Takada (2001) as shown in the Table 4.2. The 
tuning method used is the Ziegler-Nichols tuning rules with fundamental model. 
Table 4.2 Controller parameters for the two CSTR with recycle system 
(Lakshminarayanan & Takada, 2001) 
Control 
configuration 
Feedback controller 1 Feedback controller 2 




3.6 0.58 16 1.33 
Feedback  4.63 1.89 17 2.29 
 
Figure 4.14 shows the block diagram of the two CSTR with recycle system with 
feedback controllers and recycle compensator in the MATLAB software. The 
parameters used for the feedback controller follows the values in Table 4.2. From 




Figure 4.14 block diagram of the two CSTR with recycle system with feedback 
controllers and recycle compensator in the MATLAB software 
Figures 4.15 and 4.16 show the closed-loop performance for a step change in 
disturbance with the control setting shown in Table 4.2. From the figures, it is found 
that the feedback controlled system without recycle compensator for both outputs y1 
and y2 show more oscillation than the feedback control system with recycle 
compensator. The feedback control system with recycle compensator also shows 
faster response time and it appears to reach the desired set point input faster than that 
the feedback controlled system without recycle compensator. However, it is also 
found that the feedback controlled system with recycle compensator undergo a 
slightly larger offset than feedback controlled system without recycle compensator 




Figure 4.15 Performance for disturbance step change for output Y1 
 
Figure 4.16  Performance for disturbance step change for output Y2 
4.4.1 Conclusion  
From the tests that have been conducted, it is found that the recycle compensator did 
a very good job in eliminating the effects caused by the recycle stream. It is found 
that by including the recycle compensator to the system, the dynamics of the system 
is completely the same as if the recycle stream is not in the system. For systems with 
feedback controllers with Ziegler-Nichols tuning, it is found that the recycle 
compensator has significantly improved the dynamics by reducing the oscillation of 
the response as well as decreasing the response time.  
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4.5 Skogestad Tuning Method 
4.5.1 Tuning of feedback controllers 
Based on the Skogestad Tuning Method or also known as simple internal model 
controller (SIMC) tuning method, the calculated parameters of the feedback 
controllers are obtained as in Table 4.3. 
Table 4.3 Parameters for feedback controllers using SIMC  
 KC,1 τI,1 τD,1 KC,2 τI,2 τD,2 
PI 0.04 0.08 - 0.0209 0.0417 - 
PID 0.3867 0.58 0.0690 0.3611 0.5417 0.3849 
 
4.5.2 Comparison of PI and PID controllers 
Figures 4.17 and 4.18 shows the disturbance step change of the SIMC tuning using 
PI and PID controllers for the outputs Y1 and Y2 respectively. From the graph, it is 
found that PID controller shows a slightly better response. The PID controller 
produces less offset for Y1 output, but higher offset for output Y2. In both of the 
outputs, it is found that the PID controller shows a slightly faster response compared 
to the PI controller. 
 




Figure 4.18 SIMC tuning for PI and PID for output Y2 
From the comparison, it is found that the PID controller with SIMC tuning shows 
better response than PI controller with SIMC tuning. 
4.5.3 SIMC Tuning Method with Recycle compensator  
Based on the previous tuning method, it is found that by adding the recycle 
compensator to the plant model, the response significantly improved. In order to 
further investigate the effect of the recycle compensator to the dynamic of the plant 
model, the recycle compensator is added.  
4.5.3.1 PI controller 
Figures 4.19 and 4.20 show the disturbance step change response for PI SIMC tuning 
method with and without recycle compensator for the output Y1 and Y2 respectively. 
From the graph, it is found that the response time of PI SIMC tuning method is 
significantly longer than the Ziegler-Nichols tuning method, which is about 150 
minutes. However, SIMC tuning methods shows fewer oscillations, but a larger 
offset. The addition of the recycle compensator slightly improves the response by 




Figure 4.19 Disturbance step changes for PI controller using SIMC tuning method with 
and without recycle compensator for output Y1 
 
Figure 4.20 Disturbance step changes for PI controller using SIMC tuning method with 






4.5.3.2 PID controller 
Figures 4.21 and 4.22 show the disturbance step change response for PID SIMC 
tuning method with and without recycle compensator for the output Y1 and Y2 
respectively. From the graph, it is found that the response time of PID SIMC tuning 
method is slightly better compared to PI SIMC in terms of response time, offset and 
number of oscillations. Compared to Ziegler-Nichols tuning method, the PID SIMC 
tuning method shows a longer response time, larger offset but less oscillation.  The 
addition of the recycle compensator slightly improves the response by reducing the 
oscillation, response time and offset for both outputs Y1 and Y2. 
 
 
Figure 4.21 Disturbance step changes for PID controller using SIMC tuning method 




Figure 4.22 Disturbance step changes for PID controller using SIMC tuning method 
with and without recycle compensator for output Y2 
4.5.3.3 Conclusion  
It is found that the Ziegler-Nichols tuning method handles the instability of the 
recycle system better than SIMC tuning method. From the response graph, it is found 
that the SIMC tuning method shows quite a long response time compared to Ziegler-
Nichols tuning method. The offset value is slightly larger, but the oscillation is SIMC 
tuning method is found to be lesser than of Ziegler-Nichols‟. By adding the recycle 
compensator to the system, the response slightly improved by reducing the 




4.6 Comparison of control strategies 
The integral error analysis is performed on the response graph of each of the tested 
control strategy. This is to obtain a more accurate comparison to get better 
understanding on the respective performance. 
4.6.1 Integral error analysis 
The calculations of the integral errors are done by using the MATLAB software. The 
coding used is attached in the appendix. Table 4.4 and 4.5 shows the obtained values 
of IAE, ISE and ITAE for outputs Y1 and Y2 respectively. The values calculated 
represent the amount of error produced for each control strategy. The lesser the value, 
the better the performance of the control strategy.  
Table 4.4 Integral Error Analysis of controller strategies for output Y1 
Control Strategy  IAE ISE ITAE 
Ziegler-Nichols 0.2072 0.0047 1.4677 
Ziegler-Nichols + recycle 
compensator  
0.0805 0.0021 0.2091 
SIMC (PI) 1.3634 0.0537 36.6758 
SIMC (PID) 1.0417 0.0367 23.0929 
SIMC (PI) + recycle 
compensator 
1.0016 0.0207 25.8344 
SIMC (PID) + recycle 
compensator 
0.7513 0.0153 14.8013 
   
Table 4.5 Integral Error Analysis of controller strategies for output Y2 
Control Strategy  IAE ISE ITAE 
Ziegler-Nichols 0.1077 0.0011 0.8957 
Ziegler-Nichols + recycle 
compensator  
0.0701 0.0009 0.2950 
SIMC (PI) 1.3661 0.0370 54.8441 
SIMC (PID) 1.0179 0.0246 32.3198 
SIMC (PI) + recycle 
compensator 
0.8949 0.0107 51.7417 
SIMC (PID) + recycle 
compensator 
0.6668 0.0078 29.4250 
 
From tables 4.4 and 4.5, it is confirmed that the Ziegler Nichols shows the best 
performance is stabilizing the problems caused by the recycle stream as it shows the 
least value of IAE, ISE and ITAE for both outputs Y1 and Y2 compared to PI SIMC 
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and PID SIMC. It is also confirmed that the addition of the recycle compensator to 
each controller improves the performance of the controller. It is observed that the 
values IAE, ISE and ITAE decreased significantly when the recycle compensator is 
included. The ITAE of SIMC tuning method shows a significantly high value due to 
the long response time exhibited by the controller. 
4.6.2 Effect of recycle compensator on integral error values 
Figures 4.23 and 4.24 shows the values of IAE, ISE and ITAE with and without the 
recycle compensator. The trends show that the addition of the recycle compensator 
reduces the integral error values of the controllers. The recycle compensator greatly 
affects the ITAE of PI SIMC and PID SIMC tuning method but shows very small 
effect on the integral error of the Ziegler-Nichols tuning method. 
4.6.3 Conclusion  
From the studies that has been conducted. It is concluded that the Ziegler-Nichols 
tuning method with recycle compensator is the best control strategy that can be used 
to control the recycle process. This control strategy has the shortest response time of 
15 minutes and the smallest offset values of 0.025 for the Y2 output. The integral 
error values of this control strategy is also the smallest compared to the other control 
strategies, with values of IAE, ISE and ITAE of 0.0701, 0.0009 and 0.2950 





































































CONCLUSION AND RECOMMENDATIONS 
From the studies and test that have been conducted, after comparing the performance 
of the three controller strategies based on for processes with recycle stream in a 2 
CSTR system with recycle, the best control strategy is found to be the combination 
of the Ziegler-Nichols tuning method and the recycle compensator. This control 
strategy shows the shortest response time and the least value of offset compared to 
the other control strategies and their combinations.  
In order to compare the control strategies in a more accurate manner, the 
performance of the controller strategies are tested using the  integral error analysis, 
which are IAE, ISE and ITAE. The value calculated using these method represents 
the error produced by the control strategies. The combination of Ziegler-Nichols and 
recycle compensator shows the lowest value of IAE, ISE and ITAE therefore 
concluding that this control strategy is the best one tested in this study.  
For future studies, it is recommended that more control strategies should be tested to 
control the recycle process. With the existing control strategies and the possible 
inventions in the future, it is possible to produce quite a number of control strategy 
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APPENDIX 2 – Block Diagram comparing Z-G tuning method with and 









APPENDIX 3 – MATLAB coding for calculation of integral errors 
 
function [IAE, ISE, ITAE]=perform_3 (y,ysp,t) 
  
%insert block diagram file name here 
simOut = sim( 'compensatorwithcontroller' ) 
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